Fifteen independent variables consisting of circumference, surface area, and-volume for various assumed shapes were derived from simple diameter and height measurements. These variables were used in seven models to predict aboveground biomass of leaves, different sizes of live and dead twigs, and combinations of fractions for threetip sagebrush, gray horsebrush, green rabbitbrush, and broom snakeweed. In addition, models based on height and circumference were tested on each species and fraction. A simple linear model with surface area or volume as independent variables and height X circumference models gave the best biomass predictions for these species.
puted regression models. Four species common to sagebrush rangeland were selected for study: threetip sagebrush (A. tripartita: gray horsebrush (Tetrudymia canescens); green rabbitbrush (Chvsothamnus viscidiflorus);
and broom snakeweed (Gutierrezia sarothrae).
Study Area and Methods
The U.S. Sheep Experiment Station consists of ( 10360 ha) 25600 acres of sagebrush-grass rangeland located in Clark County, (90 km) 56 mi north of Idaho Falls, Ida. The area is used annually as spring-fall range for sheep. Vegetation is predominantly shrubs with an understory of perennial grasses and forbs. All sites from which shrubs were measured and collected lay within a threetip sagebrush (A. tripartita) bluebunch wheatgrass (Agropyron spicarum) vegetative type. Surrounding topography is undulating and marked by pronounced lava outcrops. Climatic conditions are characterized by hot summers and cold, harsh winters, with an average annual precipitation of 292 mm (1 1.5 in.). Most of the moisture falls as rain with May and June receiving the highest precipitation.
Twenty threetip sagebrush and 20 gray horsebrush plants were selected from each of 5 sites during May, 1979 . In addition, 50 green rabbitbrush and 50 broom snakeweed plants were selected from a IO-ha area in August, 1979 . Plants were selected to encompass the size range of plants normally found on the Station, with the exception of very small, young, or seedlings.
On each selected plant, four diameters were measured across the crown at 45' angles. The height from ground level to the tallest nonflowering stem was also measured (Fig. 1 ). Many plants have multiple stems arising from below ground level. These were counted for use as an additional variable. Each plant was then severed at ground level and air-dried to a moisture content between 5-10%. Threetip sagebrush and gray horsebrush plants were separated individually into the following fractions: (1) leaves, (2) live twigs <0.6 cm', (3) live twigs 0.6-2.5 cm, (4) live twigs> 2.5 cm, (5) dead floral twigs (threetip sagebrush), (6) dead twigs <0.6 cm, (7) dead twigs 0.6-2.5 cm, and (8) dead twigs>2.5 cm. For additional predictions the above were combined into: (9) leaves and live twigs < 0.6 cm, (10) total of all live twigs, (11) total live material, (12) total of all dead twigs excluding floral twigs, (13) total live and dead twigs, and (14) total plant. Green rabbitbrush and broom snakeweed were not separated into fractions because of their generally small size.
Diameter and height measurements were used to calculate circumference, surface area, and volume for the following shapes: right cylinder, elliptical cylinder, polygonal cylinder ( Fig. I) , sphere, average radius oblate or prolate spheroid, and maximum radius oblate or prolate spheroid. Formulas used in these calculations are given in Table 1 . If the the average or maximum radius was less than height, an oblate spheroid was calculated, and if 'These twig sizes were chosen because of their importance in fire modelling. Twig sized CO.6 cm (0.25 in.), 0.6-2.5 (0.2% 1.00 in), and >2.5 (1.00 in) represent size classes used to characterize the time-lag constant i.e., their ability to respond to humidity by absorbing and desorbing moisture (Fosberg, 1970) . The size classes, in the order above, are called the I hour (h), IOh, and IOOh classes. greater than height, a prolate spheroid was calculated. Fifteen independent variables were generated. In addition, for the total plant weight category, volume based on length X width, X height (as used by Uresk et al. 1977, and Green and Flinders, 1980 ) was tested as a variable. Each dependent-independent variable pair was fitted by least squares using the regression form for the following arithmetic models:
where Y = weight (g) of a plant fraction, x = 1 of 15 independent variables (Table l) , H = height (cm), C= circumference (cm), and a and 6,~ are the Y-intercept and slopes, respectively. Models 4 and 5 used the circumference based on a circle, while 6 and 7 were based on the circumference of an ellipse.
The Standard deviation about the regression line (&J were used to compare the different regressions. For models 2-7, the S,., was computed as:
(n-P) where Y = actual weight, Y, = estimated weight from regression, n = number of observations in the data set, andp = the number of variables in the model. Several other models and independent variables were examined (containing more than 1 independent variable including numbers of stems) but were excluded because none showed improvement over the models given above.
Results
Threetip sagebrush plants are generally smaller in size than big sagebrush species. Threetip sagebrush plants for this study ranged in average diameter and height from 20 to 109 cm and 2 1 to 67 cm, with means of 52 and 45 cm, respectively ( are less than those reported for Wyoming big sagebrush in eastern Oregon (Rittenhouse and Sneva 1977) and for basinand mountain big sagebrush in Idaho (Harniss and Murray 1976) . Total plant weights of threetip sagebrush averaged 258 g and varied from 17 to 1120 g (Table 3 ).
Gray horsebrush, green rabbitbrush, and broom snakeweed plants are smaller than threetip sagebrush. Average heights, diameters, and weights are given in Tables 2 and 3 . Total average plant weights for these species, in the order given, were 138,59, and 4 grams per plant.
In most cases, either volume or surface area was a better predictor of biomass than circumference alone when models l-3 were used based on the S,.,. The exponential model (2) fit the data poorly compared to the other models. Although, it was found that R values were generally increased using models 2-7, the S,., values were often lower with model 1. The correlations between plant weight fractions and various independent variables were generally greater for threetip sagebrush than horsebrush (Table 3) . However, the ability to predict biomass of dead twigs was somewhat better in gray horsebrush than threetip sagebrush. This may be due to the greater proportion of dead wood in horsebrush. The live twig 2.5 cm and dead twig 0.6-2.5 cm fractions were poorly related, in both species, to the independent variables used in this study. An estimate of the proportion of dead wood, or number of twigs in that size fraction used as an additional variable, may improve the ability to predict the biomass of that fraction. The dead floral twig fraction of threetip sagebrush was also poorly correlated to these variables. Uresk et al. (1977) found the poorest relationship when predicting the phytomass of flowering stalks compared to other fractions in big sagebrush. Similarly, Mack (1971) and Murray (1975) were unable to develop satisfactory relationships between inflorescence weight and canopy volume for big sagebrush plants.
The different plant shapes used to calculate relationships to weight varied between species and fractions. This suggests that improvement in predicting biomass might be achieved by developing a classification scheme for various plant shapes. In practice, the observer would decide the appropriate shape in the field, take the necessary measurements, and then calculate the area or volume representative of that shape. This approach was applied to some extent by Bentley et al. (1970) and Ludwig et al. (1975) .
Flammability increases as the amount of dead stemwood increases. We found threetip sagebrush had a lower ratio of dead to live material (0.46) than gray horsebrush (0.95) shrubs on the average. There was a tendency for the ratio to increase as plant size increased. Uresk et al. (1977) found that only 11% of the total big sagebrush phytomass was in the deadwood fraction. Murray (1975) found, in southern Idaho, ratios of dead to live were 0.04, 0.09, 0.10, and 0.27 for big sagebrush stands with average plant ages of 12, 24, 3 1, and 45 years, respectively. In eastern Washington, Mack (197 1) found the average ratio of dead:live was 0.09 for big sagebrush plants with ages that ranged from 14 to 29 years. However, Mack's sample size was small and was selected. Apparently, the amount of dead material increases more with age, but size increase irrespective of age may also contribute to greater amounts of deadwood. The fact that many threetip sagebrush and gray horsebrush plants have multiple stems would make a study of this phenomenon more difficult because of the problem of obtaining true ages for such plants. At least with the plants weexamined, there is a greater proportion of dead standing material compared to live standing material than in most big sagebrush plants.
The S,., giving the lowest value was used to select the appropriate model and independent variable for predicting biomass of a species or fraction. These models, variables, coefficients of determinations, S,.,'s, Y-intercepts, and slopes are given in Table 3 . In some cases, a different model was selected when the Y-intercept greatly exceeded the minimum biomass for that species orfraction even though the S,., increased slightly. Green and Flinders (1980) (also at the U.S. Sheep Experiment Station) developed a prediction equation for total plant weight, based on 20 plants, following the measurement technique for Uresk et al. (1977) . They computed @values using model 1 of 0.98, 0.90, 0.67, and 0.67, and 0.79, and we computed R2 values of 0.84, 0.70, 0.88, and 0.82 for threetip sagebrush, gray horsebrush, green rabbitbrush, and broom snakeweed, respectively. We found model 6 increased the R and reduced the sy.x over model 1 for our threetip sagebrush and gray horsebrush plants, while model 4 performed similarly for green rabbitbrush and broom snakeweed. We can only speculate on the differences found between Green and Flinders (1980) and our results. We selected 20 plants at each of 5 sites, while Green and Flinders (1980) selected 4 plants from 5 sites. It may be that we encompassed greater variability because of the larger number of plants.
In this study, we did not develop a general model as was done by Harniss and Murray (1976) . We sought to determine the best relationship and determine the shape of the height-circumference to weight relationship for each fraction. In every case, the exponent of circumference was greater than the 1.25 reported for big sagebrush leaves by Harniss and Murray (1976) . With exception of some live or dead twig fractions, our models accounted for a greater proportion of the total variance than Harniss and Murray (1976) . However, they developed their model for big sagebrush by using Matchacurve-3 techniques (Jensen 1973) after grouping weights by height classes, which may account for the lower value.
The time of year when biomass prediction equations are developed for big sagebrush can influence the magnitude of the equation parameters.
It has been known for some time that big sagebrush produces enlarged leaves during the spring and sheds these during early summer. This phenomenon was corroborated by Mack (1971) , who found peak leaf fall of big sagebrush occurred during early summer. Obviously, equations developed prior to the drop of these ephemeral leaves would result in larger-b-values than those developed after their fall, because of the greater biomass for essentially the same sized plant. It is not known whether threetip sagebrush has a similar leaf growth and fall pattern to that of big sagebrush.
However, these equations can be adjusted to reflect differences in biomass due to time of year or site. Although, we have not tested the application of our equations to new data sets, we believe that the parameters reported can be used for the basic model and for subsequently adjusting the new data sets as described in Harniss and Murray (1976) .
Conclusions
Easily measured crown diameters and heights were successfully used to estimate biomass of various fractions of threetip sagebrush, gray horsebrush, and total biomass of these species and green rabbitbrush and broom snakeweed. Independent variables-based on circumference, surface area, and volume of various plant shapes-used in models of the form Y = a+bX, Y = aebx, and Y= axb provided satisfactory predictors of biomass in many instances. However, models using height and circumference first derived for estimating biomass of big sagebrush leaves (Harniss and Murray 1976) , were more reliable for total weight of the four species than other models and variables tested.
It is believed that further improvement in developing biomass predictors for shrub species may be achieved by (I) deriving surface areas and volumes based on the shapes of individual plants, and (2) including additional independent variables, such as the number of twigs of a certain size and percent of live or dead crown.
